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1. Introduction

As a pattern recognition molecule, C-reactive pro-
tein (CRP) binds to the specific molecular configura-
tions that are typically exposed during cell death or
found on the surfaces of pathogens [1]. Its level in
real samples is routinely determined for many clini-
cal purposes, being this analyte related to many dif-

ferent pathologies: for example, its measurement can
be of great help to identify the reasons of inflamma-
tion in lymph nodes, which can be associated to can-
cer or the causes of deficiency of the immune sys-
tem. Moreover, it can provide a substantial link be-
tween inflammation, fibrosis and atherosclerosis [2],
as well as important information on obstructive sleep
apnoea by monitoring in parallel the level of inter-

* Corresponding author: e-mail: c.trono@ifac.cnr.it, Phone: +39 055 522 6359, Fax: +39 055 522 6400
** These authors contributed equally to this work.

A plastic optical fibre biosensor based on surface plasmon
resonance for the detection of C-reactive protein (CRP)
in serum is proposed. The biosensor was integrated into a
home-made thermo-stabilized microfluidic system that al-
lows avoiding any thermal and/or mechanical fluctuation
and maintaining the best stable conditions during the
measurements. A working range of 0.006–70 mg L–1 and a
limit of detection of 0.009 mg L–1 were achieved. These
results are among the best compared to other SPR-based
biosensors for CRP detection, especially considering that
they were achieved in a real and complex medium, i.e.
serum. In addition, since the sensor performances satisfy
those requested in physiologically-relevant clinical appli-
cations, the whole biosensing platform could well address
high sensitive, easy to realize, real-time, label-free, porta-
ble and low cost diagnosis of CRP for future lab-on-a-chip
applications.

3D sketch (left) of the thermo-stabilized home-made flow
cell developed to house the SPR-based plastic optical fi-
bre biosensor. Exemplary response curve (shift of the
SPR wavelength versus time) of the proposed biosensor
(right) for the detection of C-reactive protein in serum.
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leukin-6 (IL-6) [3]. Therefore, high levels in serum
are observed after trauma, tissue necrosis, infection,
surgery, and myocardial infarction and are asso-
ciated with an increased risk of cardiovascular dis-
eases, especially coronary heart disease risk, which is
a leading cause of death in adults. In the case of
these kinds of infection and acute inflammatory
events, the CRP concentration may increase up to
1000-fold [4]. It is worth mentioning that the concen-
tration of CRP in healthy human serum is lower
than 1 mg L–1 (low risk), slightly increasing with
aging, and it increases beyond 3 mg L–1 in case of
high risk [5, 6].

The optical platforms available on the market
able to detect CRP are essentially based on enzyme-
linked immunosorbent assay (ELISA) [7–9], which
is a well-established method with a limit of detection
(LOD) down to 0.2 mg L–1 (high sensitive CRP-ELI-
SA) [8]. However, because of non-specific binding,
this procedure has the disadvantage of a relatively
high false positive rate caused by different phenom-
ena, such as non-specific immunoglobulin deposition
on the ELISA plate plastic material [10–12]. The
other problem is the influence of the medium com-
position and colour on the response, which in turn
limits the implementation of this technique in clinical
analysis of some diseases such as inflammatory bo-
wel disease (IBD), like Crohn’s disease and ulcera-
tive colitis [13] and colon cancer [14].

To overcome these problems and also to provide
more accurate tools for earlier diagnosis, in recent
decades, additional strategies for CRP detection
have been proposed. A CRP assay by using a mag-
netic permeability detector with LOD of 0.2 mg L–1

[15] or magnetic nanoparticles conjugated with anti-
CRP antibody with LOD of 0.12 mg L–1 [16], the
use of the chemiluminescence signal related to CRP-
specific DNA aptamer integrated in a microfluidic
system with LOD of 0.0125 mg L–1 [17], a laser ne-
phelometry method with LOD down to 0.04 mg L–1

[18] and a novel fluorescence-based optical platform
[19] are some of the techniques that have been de-
veloped during the past few years.

Alternatively, the development of surface plas-
mon resonance (SPR)-based biosensor platforms
with the ability to monitor the sample binding pro-
cess in real-time without labelling, thus providing an
application oriented to a specific target molecule, re-
presents a consolidated and high performance solu-
tion [20, 21]. With this technique, surface plasmon
polaritons (SPPs) are exploited which are generally
achieved via the attenuated total reflection method
based on a prism or waveguide couplers. These
transverse electromagnetic waves propagate along
the metal-dielectric boundary and are highly sensi-
tive to the local change in the refractive index (RI)
of the surrounding medium, which in turn depends
on the interaction between a bio-molecular recogni-

tion element (i.e. antibody, protein, DNA, bacteria,
etc.), immobilized on the surface of metal, and the
desired analyte [22]. The resulting RI change and,
accordingly, the variation of SPR condition depend
on the concentration of target analyte. High sensitiv-
ity and resolution, low LOD, versatility, real-time re-
sponse, direct and label-free detection of target spe-
cies, continuous monitoring as well as complete ana-
lyses are provided by means of SPR-based biosen-
sors [20–22].

Different configurations of SPR-based biosensors
for various bio-applications have been proposed in
literature, with the sensing layer deposited on suita-
ble metallic substrates, realized, for example, on pla-
nar chips or optical fibres [23–25]. One of the first
example of a complete SPR-based biosensor for the
CRP detection using two different anti-CRP antibo-
dies (clone C2 and C6, monoclonal, IgG) was char-
acterized by a LOD of 2 mg L–1 and a linear detec-
tion range of 2–5 mg L–1 [5]. The value of LOD of a
similar SPR-based bioassay for CRP detection was
further reduced to 1 mg L–1 [26]. By using a highly
sensitive molecular recognition layer of E. coli outer
membrane with Z-domains (larger number of ana-
lyte binding sites at the same unit area) deposited on
a SPR biosensor, LOD for CRP was greatly im-
proved down to 0.0015 mg L–1 [27].

The aim of this study is the development of an
SPR-based fibre sensor with antibody-antigen assay
to detect CRP. The sensing platform presented here
uses a side-polished multimode plastic optical fibre
(POF) as the light guiding structure, which has parti-
cular advantages due to its low cost, easy manipula-
tion, excellent flexibility, great numerical aperture
and large diameter, along with the fact that plastic is
able to withstand smaller bend radii than glass [28].
Gold is chosen as the plasmonic responsible layer in
the sensor platform because of the extremely well
understood chemical interaction with organic com-
pounds and its good resistance to oxidation and cor-
rosion in different environments [29]. In addition,
the gold-coated in-POF sensor is integrated into a
new thermo-stabilized microfluidic platform.

The results which will be presented demonstrate
that a very good limit of detection for CRP, even in
serum, can be reached with this sensing platform
with advantages respect to other traditional SPR sys-
tems in terms of cost, easy-to-use and dimensions.

2. Experimental

2.1 Materials

Ethanol (EtOH), 11-mercaptoundecanoic acid, bo-
vine serum albumin (BSA) and all the reagents for
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buffer preparation (phosphate-buffered saline
(PBS), 40 mM, pH 7.4) were purchased from Sigma-
Aldrich (Milan, Italy). C-reactive protein (CRP)
(purified antigen) was purchased from Biodesign
(Saco, USA). The mouse monoclonal antibody anti-
CRP, clone C5, was from Meridian Life Science
(Memphis, USA). 1-Ethyl-3-[3-dimethylaminopro-
pyl] carbodiimide hydrochloride (EDC) and N-hy-
droxysuccinimide (NHS) were purchased from
Pierce (Illinois, USA). Human serum (C Reactive
Protein Free Serum) was purchased by HyTest Ltd.
(Turku, Finland). Polydimethylsiloxane (PDMS)
(Sylgard® 184 silicone elastomer kit) was purchased
from Dow Corning (Wiesbaden, Germany).

2.2 Optical setup and microfluidic system

The optical sensor was realized as described in
Ref. [28]. Briefly, 1 mm plastic optical fibre
(PMMA core of 980 μm and a fluorinated polymer
cladding of 20 μm) was polished for a length of
10 mm and for a depth of roughly 150 μm, removed
along half the circumference and the exposed core
was then covered by spin coating with a buffer
photoresist (Microposit S1813). The 10 mm-long
sensing region was finally realized by sputtering a
thin gold film by using a sputtering machine (Bal-
Tec SCD 500).

The optical setup employed to measure the light
spectrum transmitted through the SPR sensor was
composed of a halogen lamp, illuminating the sensor
system, and a fibre optic spectrometer. The em-
ployed halogen lamp (Carl Zeiss CLH 500) exhibits
a wavelength emission range from 380 nm to
1140 nm, whereas the employed spectrometer
(Ocean Optics S2000) provides a detection range
from 230 nm to 910 nm. The SPR transmission spec-
trum of each solution was obtained by measuring

the transmission spectrum normalized to the spec-
trum achieved in air as surrounding medium (refer-
ence spectrum). The resonance peak in the transmis-
sion spectrum corresponds to the excitation of the
SPR signature. The value of the SPR wavelength
(λSPR) was achieved by fitting the resonance peak by
means of the Gaussian function using OriginPro 8.5
software tool.

For the measurements, the sensor was housed in-
side a home-made flow cell illustrated in Figure 1.
The 3D sketch of the cell consists of an aluminium
bottom and a PDMS top part (Figure 1a). The alu-
minium bottom part (30 mm × 30 mm × 15 mm) con-
tains the housing for the sensor head, the groove
housing for the POF and the housing for a thermis-
tor. The PDMS top part (20 mm × 20 mm × 10 mm)
contains the flow channel (9.5 mm × 2 mm × 1 mm,
volume 20 μL) and the inlet and outlet.

The sensor fits perfectly into the sensor frame
housing manufactured into the aluminium bottom
part and thermal grease was used in order to opti-
mize the thermal conduction. When the PDMS part
is placed on the top, the flow channel fits only in the
area where there is the sensing region of the optical
fibre. The PDMS top part can be pressed onto the
bottom part and on the cylindrical plastic frame of
the sensor by means of a PMMA slide and four
screws, as shown in the picture of Figure 1b. The
aluminium bottom part of the flow cell is placed in
thermal contact with a Peltier cell (20 mm × 20 mm),
located over the heat-sink (see Figure 1b). A Ther-
mo-Electric-Cooling (TEC) driver (ILX LIGHT-
WAVE LDC-3722B) acquires the temperature from
the thermistor inserted into the lateral hole of the
aluminium part and drives the current to the Peltier
cell in order to stabilise the temperature in the flow
channel during the measurement.

2.3 Assay protocol

A solution of 11-mercaptoundecanoic acid 0.5 mM
in a H2O/ethanol solution (10% ethanol) was used
to functionalize the gold surface of the sensor. The
thiol solution was left in contact with the gold layer
for 12 hours. The functionalized sensor was then
housed inside the temperature-stabilized flow cell.
All the steps for the implementation of the immu-
noassay were performed using the flow cell con-
nected to a peristaltic pump and keeping the tem-
perature of the flow cell at (23 ± 0.1) °C. The pre-
paration of the CRP-selective bio-layer consisted of
the following steps: activation of –COOH groups by
cross-linking chemistry (200 mM EDC and 50 mM
NHS) for 15 minutes, covalent immobilization of
anti-CRP antibody (1 g L–1 in PBS) for 40 minutes,
washing with PBS for 5 minutes to remove the un-

Figure 1 The 3D sketch (a) and the picture (b) of the ther-
mo-stabilized home-made flow cell developed for housing
the SPR-based biosensor. The microfluidic system consists
of two parts, PDMS top part and aluminium bottom one. A
Peltier element for the temperature stabilization of the sys-
tem is placed between the aluminium part and a heat-sink.
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reacted antibodies, and surface passivation with
BSA (1% in PBS) for 15 minutes in order to block
the remaining activated carboxylic groups and to
prevent non-specific adsorption onto the surface.

The antigen binding steps, with increasing con-
centrations of CRP ranging from 10 μg L–1 up to
500 mg L–1 in human serum (diluted 1 : 10 (v/v) in
PBS), were performed by flowing the antigen solu-
tion inside the flow channel for 15 minutes followed
by a washing step with PBS for 5 minutes.

Each step of the assay protocol was monitored in
real-time with the previous described experimental
setup and a spectrum was collected every 2 minutes
during the bio-layer preparation and every 1 minute
during the binding interactions.

3. Results and discussion

In order to evaluate the excitation of the SPR signa-
ture, the spectrum was recorded by considering the
sensor in two different situations: before and after
its housing into the developed flow cell.

Figure 2 shows the spectra of the sensor placed
outside (in blue) and inside (in red) the manufactured
microfluidic system, when a drop of de-ionized water
(RI = 1.333 RIU, refractive index unit) was deposited
on the sensor surface through manual pipetting (sen-
sor outside) or a solution of PBS (RI = 1.334 RIU)
was injected into the flow cell (sensor inside). Only
one resonance peak at 667.1 nm was clearly distin-
guishable from noise when the sensor was outside its

housing. Conversely, four resonance peaks at
431.5 nm, 494.6 nm, 605 nm and 684.6 nm were
clearly observed in the transmission spectrum when
the sensor was inside the flow cell. It is worth point-
ing out that, in optical fibre sensors based on SPR,
the spectrum is the result of the convolution of differ-
ent resonance peaks. Each peak is obtained for a spe-
cific resonance condition defined by a given angle-
wavelength pair [30]. However, by comparing these
two spectra, the resonance peak corresponding to the
excitation of the SPR signature is the only one at
longer wavelengths, which also experienced a red-
shift (i.e. shift at longer wavelengths). Therefore, for
the rest of the work, the fourth resonance peak at
684.6 nm will be taken into account. The measured
red-shift of 17.5 nm of the SPR signature can be as-
cribed to the contribution of two effects: considering
the bulk RI sensitivity of the sensor approaching
104 nm RIU–1 [30], the first (and primary) effect is re-
lated to the difference between the RI of PBS and
water (ΔRI = 10–3 RIU), whereas the second (and sec-
ondary) one is due to the mechanical stress induced on
the sensor once it is housed into the flow cell. More-
over, the inset of Figure 2 details the enlargement of
the SPR resonance peak along with its fitting (in
black) by means of the Gaussian function as an exam-
ple of the procedure used to extrapolate the value of
λSPRandmentioned in the previous section.

In addition, as shown in Figure 2, the signal-to-
noise ratio (SNR) remains almost comparable when
the sensor is placed inside the flow cell even with a
reduction of both mechanical and temperature fluc-
tuations. On the other hand, this last issue is crucial
in the case of biochemical sensing when very low RI
changes should be reliably measured [31]. Reduced
fluctuations and thermal stabilization decrease the
standard deviation of measurement and thus im-
prove the sensor resolution.

After the functionalization of the surface of the
gold-coated side-polished POF with the thiol solu-
tion, all the steps of the assay protocol described in
the previous section were recorded in real-time.
First, the effect of the immobilization of the capture
antibody (anti-CRP 1000 mg L–1) was carefully in-
vestigated. Figure 3 shows the binding interaction of
the anti-CRP immobilization and the subsequent
washing with PBS. Two different steps are detailed:
the anti-CRP immobilization by filling the flow cell
with anti-CRP for 40 minutes at a flow rate of 10 μL
min–1 and then the washing with PBS for 5 minutes
at a flow rate of 150 μL min–1. The first step is char-
acterized by an increase in the λSPR, with a shift of
ΔλSPR = 1.53 nm. The figure accounts also for the fit-
ting of the experimental data (solid grey line) by
means of the exponential function (A ∙ e–t/τ). The
time to reach the saturation, the condition of which
all the free surface functionalities are occupied, was
found to be about 35 minutes.

Figure 2 Sensor spectra outside (in blue) and inside (in
red) the flow cell normalized to the sensor spectrum in air
taken as reference. By comparing these two spectra, the re-
sonance peak corresponding to the excitation of the SPR
signature is the only one at longer wavelengths, such as at
667.1 nm (sensor outside) or at 684.6 nm (sensor inside).
The inset shows the enlargement of the SPR resonance
peak at 684.6 nm along with its fitting (in black) by means
of the Gaussian function.
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It is worth highlighting that the value of λSPR at
the end of the capture immobilization process re-
mained unchanged also during the subsequent wash-
ing with PBS. The reason could rely on the full cov-
erage along the sensor surface by the capture antibo-
dies, meaning that the capture antibodies were cova-
lently attached on the sensor surface. The increase
of noise during the washing could be due to the flow
rate, which was 5 times higher than that during the
binding interaction. This higher flow rate probably
caused some small temperature fluctuations.

As an example, one antigen concentration (1 mg L–1

CRP) was taken into account with the aim of showing
the CRP binding interaction. As in the previous fig-

ure, two different steps are detailed in Figure 4: the
binding interaction by filling the flow cell with CRP
solution for 15 minutes at a flow rate of 30 μL min–1
and then the washing with PBS for 5 minutes at a
flow rate of 150 μL min–1. During the binding of this
CRP concentration, the SPR wavelength λSPR exhib-
ited a shift of ΔλSPR ≈ 0.8 nm. By fitting the experi-
mental data (solid grey line) with the single exponen-
tial function, the time to reach the plateau was
roughly 10 minutes, providing an estimation of the
binding time. This curve shows the typical exponen-
tial behaviour with a saturation, proving that the anti-
body/antigen interaction reached the equilibrium
condition [32]. This also occurred for all the antigen
(CRP) concentrations (data not shown). Even in this
case, an increase of the noise during the washing step
was observed.

In order to measure the real shift of SPR wave-
length just related to the CRP binding, a washing
step in buffer is necessary after each CRP binding
interaction. In fact, the important measurand is re-
presented by the surface RI changes induced by the
interactions between the immobilized captures (anti-
CRPs) and the specific analytes (CRPs) along the
functionalized surface, and not by the bulk RI
changes related to the refractive index of the solu-
tion pumped inside the flow cell [31, 32].

The wavelength of the SPR signature λSPR as a
function of the CRP concentration is shown in Fig-
ure 5, along with the fitting (correlation factor of
0.993) through the logistic curve that is a well-ac-
cepted mathematical model for describing the sig-
moidal response of a biosensor [33]. The value of
each experimental point is given by the average of

Figure 3 Binding interaction of immobilization of the cap-
ture antibody (1000 mg L–1 anti-CRP) for 40 minutes at a
flow rate of 10 μL min–1 and the subsequent washing in
PBS buffer for 5 minutes at a flow rate of 150 μL min–1.
The total shift of the SPR wavelength is 1.53 nm. The fitting
of the experimental data (solid grey line) related to the
anti-CRP immobilization by means of the exponential func-
tion is also detailed.

Figure 4 Example of the binding interaction of the specific
antigen (1 mg L–1 CRP) for 15 minutes at a flow rate of
30 μL min–1 and the subsequent washing in PBS buffer for
5 minutes at a flow rate of 150 μL min–1. The total shift of
the SPR wavelength is 0.8 nm. The fitting of the experimen-
tal data (solid grey line) related to the CRP binding by
means of the exponential function is also shown.

Figure 5 Calibration curve of the developed CRP biosen-
sor in serum showing the SPR wavelength as a function of
the analyte concentration. Each experimental point (black
rhombuses) is the average of 15 subsequent measurements
and the respective standard deviations (black error bars)
are also shown. The solid grey line provides the best sig-
moidal curve fitting to the experimental data. The dashed
black line indicates the value of λSPR PBS before the addi-
tion of serum not spiked with CRP.
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15 values measured stopping the flow after each
PBS washing step, thus preventing any fluctuation
and maintaining the best stable measuring condi-
tions. The corresponding standard deviation of each
experimental point is also detailed in Figure 5 as
black error bars. The experimental point at 0 mg L–1

of CRP concentration is the measured value of the
λSPR taken in serum before the exposure to any CRP
concentration.

From the calibration curve of Figure 5, it is possible
to extrapolate some parameters, such as the dynamic
signal range (DSR), the working range (WR) and the
limit of detection (LOD) of the biosensor. The DSR is
the difference between the two horizontal asymptotes
of the sigmoidal curve, λSPR,max and λSPR,min. The WR
is calculated by considering the antigen concentration
range between 10% and 90% of the dynamic signal
range [34], whereas the LOD is evaluated as three
times of the standard deviation of the blank measure-
ment, which is the measurement achieved with serum,
following the IUPAC recommendation [35]. From the
calibration curve of Figure 5, the value of the asymp-
totes are λSPR,max = 697.5 nm and λSPR,min = 693.2 nm.
Accordingly, the values of DSR and WR are 4.3 nm
and 0.006–70 mg L–1, respectively. Finally, the LOD
for the proposed biosensor can be estimated as
0.009 mg L–1 (3σ = 0.59 nm).

A very good specificity was also demonstrated by
the sensor as evidenced in Figure 5, where the signal
obtained in PBS before the addition of serum not
spiked with CRP (dashed black line in Figure 5) has
been included in the plot for comparison with the
serum signal (first point in the calibration). Negligi-
ble difference, within the standard deviation, among
the PBS and serum signals can be observed from the
figure. Human serum is in this case a very good con-
trol, since this serum is declared to be CRP-free, but

it contains all the other proteins naturally present in
serum, among which human serum albumin, immu-
noglobulins and transferrin represent more than the
70% of the total protein serum content [36].

As an example, Figure 6 accounts for the fitted
spectra of the considered SPR resonance peak and
its evolution during the development of the immu-
noassay, starting from the flowing of serum and up
to the increasing concentrations of CRP (as detailed
in the figure legend). The total red-shift of the λSPR
is roughly 4.1 nm in compliance with the value of
DSR.

The performance of the proposed biosensor was
compared with other SPR-based biosensors for the
detection of CRP in terms of the sensor configura-
tion, the matrix type and the claimed sensor perfor-
mance. Most of the papers only provide the sensitiv-

Figure 6 Fitted spectra of the SPR resonance peak during
the development of the immunoassay, starting from the
flowing of serum and up to the increasing concentrations of
CRP (as detailed in the figure legend). The total red-shift
of the λSPR is roughly 4.1 nm.

Table 1 Comparison of the performances of SPR-based biosensors for the detection of CRP.

Sensing method Matrix type LOD Ref.

Fluorescence Human plasma 30 μg L–1 [37]
Fluorescence Serum 20 μg L–1 [38]
ELISA PBS and serum 1 μg L–1 [39]
Chemi-luminescence (magnetic beads) Serum 12 μg L–1 [40]
SPR Tris + calcium 1 mg L–1 [12]
SPR PBS 2 mg L–1 [5]
SPR PBS and serum 1.5 μg L–1 [41]
SPR HEPES at pH 6.5 + calcium 5 μg L–1 [42]
Evanescent field technology Human serum a55 μg L–1

b130 μg L–1
[34]

Etched FBG coated with graphene oxide Serum 10 μg L–1 [43]
Magnetic permeability detector Human plasma 0.2 mg L–1 [44]
Magnetic nanoparticles under magnetic fields Serum 0.12 mg L–1 [16]
Quartz crystal microbalance Serum 0.13 μg L–1 [45]
Impedance spectroscopy Blood serum 19 μg L–1 [46]

a Binding inhibition assay
b Sandwich assay
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ity (the shift of the selected resonant peak relative
to a selective RI range) or the resolution (the mini-
mum measurable RI change distinguishable from the
noise), whereas just few papers provide the value of
LOD for the investigated analyte. Table 1 sum-
marises some of the most detailed results reported
in literature. The results achieved with the proposed
sensing system (WR of 0.006–70 mg L–1 and LOD of
0.009 mg L–1) are competitive in the field of optical
fibre biosensors based on SPR for the detection of
CRP, especially considering that they were achieved
in a complex matrix such as serum. Very good per-
formances with respect to the other traditional SPR
systems can be evidenced if considering that most of
the published CRP SPR biosensors [5, 12, 42] have
been tested only in buffer solutions without proving
the sensor usability in real sample matrices, such as
serum, and that the reached LOD of 9 μg L–1 is
among the best LODs also of biosensors not based
on SPR. Moreover, advantages with respect to other
traditional SPR systems or other magnetic or elec-
trochemical techniques, are represented by the low
cost, easy-to-use, flexibility and portability of the de-
veloped SPR plastic optical fibre biosensor.

4. Conclusion

A plastic optical fibre biosensor based on surface
plasmon resonance for the detection of C-reactive
protein in serum was presented. The biosensor was
integrated into an ad-hoc developed thermo-stabi-
lized microfluidic system that allowed to avoid any
thermal and/or mechanical fluctuation and to main-
tain the best stable conditions during the measure-
ments. A dynamic signal range of 4.3 nm, a working
range of 0.006–70 mg L–1 and a LOD of 0.009 mg L–1

were achieved. These results are among the best
compared to other SPR-based biosensors for CRP
detection, especially considering that they were
achieved in a real and complex medium, i.e. serum
(see Table 1). Since the sensor performances are
those requested for many clinical purposes, the whole
biosensing platform could well address the continu-
ous request of the physicians for high sensitive, easy
to realize, real-time, label-free, portable and low cost
sensing platforms for future lab-on-a-chip applica-
tions.
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